Severe malaria (SM) is associated with high levels of cytokines such as
A c c e p t e d M a n u s c r i p t 4 acute malaria due to leukocyte sequestration, and PBMCs show pronounced anergy or hyporesponsiveness under these conditions [22] [23] [24] [25] [26] .
To further elucidate critical cytokine and chemokine networks associated with susceptibility to severe disease, and identify their cellular sources, we examined associations between risk of severe malaria and short-term IFN-γ, IL-10, IL-1β, IL-6, IP-10, TNF, MIP-1α, MIP-1β and MCP-2 responses by PBMCs to P. falciparum pRBCs, within the context of a pediatric severe malaria case control study in an area of high malaria endemicity in Papua New Guinea.
As clinically overt P. falciparum infection down-regulates cellular responsiveness and modifies the cellular composition of peripheral blood [22] [23] [24] [25] [26] we utilised convalescent samples, after homeostatic normalisation of peripheral cellular composition. This is thought to provide a better estimate of an individual's intrinsic capacity to produce cytokines/chemokines [8, 24] .
MATERIALS AND METHODS

Study area, design and participants.
A severe malaria case-control study was conducted from 2006-2009 in Madang (pop. ~450,000), an area of holoendemic transmission of P. falciparum and P. vivax in Papua New Guinea [27, 28] . Modilon Hospital is the provincial hospital to which most children with severe illness are referred.
Based on sample availability, a sub-set of children in the main case-control study were utilised for this immunological study. Severe malaria (SM) cases included children aged 6 months-10 years (n=200) admitted to Modilon Hospital with a diagnosis of severe malaria according to WHO guidelines [29] . Briefly, this included children positive for asexual Plasmodium parasites by Giemsa-stained thick blood film or PCR presenting with any of the at Alfred Health on March 20, 2014 http://jid.oxfordjournals.org/
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A c c e p t e d M a n u s c r i p t 5 following conditions: impaired consciousness or coma (Blantyre Coma Score (BCS) <5 [30] ); prostration; multiple seizures; hyperlactataemia (blood lactate >5 mmol/L); severe anaemia (haemoglobin <50 g/L); dark urine; hypoglycaemia (blood glucose ≤2.2 mmol/L); jaundice; respiratory distress; persistent vomiting; abnormal bleeding; or signs of shock. PBMCs were isolated from convalescent bleeds, collected 2-3 months after cases were discharged.
Uncomplicated malaria (UM) controls included children that had a positive rapid diagnostic test (ICT Diagnostics Malaria Combo Cassette ML02), were positive for asexual Plasmodium parasites by Giemsa-stained thick blood film or PCR and displayed fever but no evidence of severe disease (n=153). These children were recruited from immunization clinics, the hospital Paediatric Outpatient Clinic, and health centres. PBMC for elicitation assays were isolated from samples collected at 2-3 months after the malaria episode.
Healthy community (HC) controls were recruited from community immunization clinics surrounding Madang township and did not have acute illness or history of malaria within the previous two weeks (n=162). PBMCs from these healthy children were isolated from bleeds taken at enrolment and were collected within 2-4 weeks of the enrolment of matched severe malaria cases. Both UM and HC were matched with SM cases by age, sex, and province of parents' birth. A c c e p t e d M a n u s c r i p t 6 Laboratory Procedures. Giemsa-stained thick blood films were made during PBMC collection. Parasitemia was quantified by two independent microscopists with discrepancies resolved by a third. Parasite density was calculated per 200 leukocytes, assuming peripheral blood leukocyte counts of 8000/µl. The final density was the geometric mean of the two values. Published PCR methods [31, 32] Statistical analysis. Statistical analyses were performed using STATA v.9. Associations between categorical variables were assessed using chi-squared tests. Mann-Whitney and Kruskal-Wallis tests were performed for comparisons of two and three medians, respectively.
Spearman rank correlations were calculated for associations between cytokine responses.
Multinomial logistic regression analysis was used to determine odds ratios associated with unit increase in cytokine/chemokine response to pRBC, with and without adjustment for potential confounders. The association between cytokine/chemokine responses and BCS was assessed by non-parametric test for trend. 
RESULTS
Characteristics of study participants. The epidemiology, population characteristics, and incidences of P. falciparum and P. vivax infections and disease in this severe malaria casecontrol study are reported elsewhere [27] . Associations between severe malaria and P. falciparum induced cytokine responses.
To determine whether P. falciparum-induced production of cytokines and chemokines by
PBMCs is associated with malarial disease severity in PNG children, PBMCs from the HC, UM and SM cases were co-cultured with pRBC at a ratio of 1:3, for 72 hours. This time point was chosen to maximize the elicitation outputs of innate immune response pathways while minimizing the relative contribution of acquired immune responses [6, 11] .
Additionally, PBMC samples were cultured with PHA to assess cell viability, and media to A c c e p t e d M a n u s c r i p t
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Multinomial logistic regression analysis was performed to investigate associations between severe malaria and unit increases (100pg/ml for IL-10 and 1000pg/ml for all others) in cytokines or chemokines produced (Table 1) . Parasite-elicited IL-10, IL-6, MIP-1, MIP-1, and MCP-2 was associated with increased odds of severe malaria (OR 1.01-5.74, p≤0.04).
Adjusting for the covariates age, sex, ethnicity, and parasite positivity (any species) at the time of PBMC sampling did not alter the magnitude of the associations between cytokine responses and odds of severe malaria (Table 1) .
Associations between cytokine/chemokine responses to P. falciparum and severe malaria syndromes. Severe malaria is associated with diverse but overlapping syndromes, including severe anaemia, respiratory distress, coma, hyperlactataemia and metabolic acidosis. We investigated associations between various severe malaria clinical syndromes and individual cytokine and chemokine responses to pRBC, using UM controls as the comparator (Table 2) .
SM cases with respiratory distress (n=23) had significantly higher IL-6 and MIP-1
responses to pRBC compared with UM controls (p≤0.032). SM cases with severe anaemia (n=45) had significantly higher TNF (p=0.048) and MCP-2 (p=0.0049) responses; those with deep coma (n=20) had higher IFN-γ, IP-10, TNF, MIP-1, MIP-1, and MCP-2 responses to pRBC (p≤0.022, Table 2 ). SM cases with metabolic acidosis (n=21) had higher IL-10, MIP-1 , and MCP-2 (p≤0.034, Table 2 ), and those with hyperlactataemia (n=38) had higher IL-10, IL-6, TNF, MIP-1 , MIP-1 , and MCP-2 responses (p≤0.046, Table 2 ). Additionally, associations between BCS and cytokine and chemokine responses to pRBC were assessed.
The BCS of uncomplicated malaria controls (BCS=5), and severe malaria cases (BCS=0 to 5) was significantly negatively associated with TNF (p=0.008) and MIP-1 responses (p=0.038) 
DISCUSSION
PBMC elicitation has recently been shown to predict risk of acute malaria morbidity in longitudinal cohort studies [10, 11] , but has not yet been applied to association analysis in relation to severe disease. The low incidence of severe malaria precludes prospective assessment of risk for immunological variables, necessitating case-control designs. Clinical malaria at presentation profoundly changes the cellular composition of the peripheral leukocyte compartment, and induces cellular anergy/hyporesponsiveness [22] [23] [24] [25] [26] . These A c c e p t e d M a n u s c r i p t 13 changes homeostatically renormalize during convalescence [8, 24] . Therefore, we compared cytokine/chemokine production from PBMCs drawn from convalescent children previously diagnosed with either severe or uncomplicated malaria, with healthy community controls.
The very low SM case-fatality rates in PNG preclude bias due to fatality. PBMCs from SM Increased production of IL-6, IL-10, MIP-1α, MIP-1β and MCP-2 was associated with severe malaria compared to either or both of the control groups. Excessive production of proinflammatory cytokines may contribute to disease in a number of ways, as reviewed [1] [2] [3] .
Chemokines may contribute to severe disease by recruiting leukocytes to sites of parasite sequestration. Chemokines MIP-1 and MIP-1 may contribute to inflammation by inducing macrophage proliferation and stimulating the secretion of TNF, IL-6 and IL-1. To date, there are few studies that have addressed the role of chemokines in severe human malaria.
High serum MIP-1 and MIP-1 have been described in acute P. falciparum malaria [16] , and IP-10 is associated with an increased risk of cerebral malaria mortality [33, 34] .
However, measuring serum chemokines levels may be subject to similar caveats identified M a n u s c r i p t A c c e p t e d M a n u s c r i p t M a n u s c r i p t 
